Abstract Data from 31 non-snowfed catchments in India having catchment areas less than 1515 km 2 have been analysed to develop a simple method for the estimation of monthly runoff for the monsoon months of June to October. One of the parameters of this method was found to vary with the catchment area, the percentage of forest cover in the catchment and the monthly average temperature. The value of another parameter of the proposed method was found to be constant during any one month in a hydrologically homogeneous region. The method proposed herein is useful for estimating the monthly runoff during the monsoon period from catchments having scarce data. Estimation de l'écoulement mensuel de petits bassins versants indiens Résumé Les données de 31 bassins indiens non enneigés et dont la surface n'excède pas 1515 km 2 ont été analysées afin de développer une méthode simple d'estimation des débits mensuels pendant les mois de mousson, de juin à octobre. On a pu constater que l'un des paramètres de cette méthode variait avec la surface du bassin, le pourcentage de couverture forestière du bassin et la température moyenne mensuelle. La valeur d'un autre paramètre de la méthode proposée s'est révélée constante quel que soit le mois considéré à l'intérieur d'une région hydrologiquement homogène. La méthode proposée ici est utile pour estimer les débits mensuels pendant la mousson de bassins pour lesquels on ne dispose que de peu de données.
INTRODUCTION
Estimates of monthly runoff from catchments are required for the economic planning of river basin projects meant for conservation and utilization of water for various purposes. Runoff records for a large number of catchments in India do not exist. Based on limited data, earlier investigators (Khosla, 1949; Murray, 1971 ) have proposed equations relating monthly runoff to factors such as monthly rainfall and monthly average temperature. When no other information is available, these and other equations developed elsewhere, such as that proposed by Mimikou & Rao (1983) , have been used for planning purposes.
Now that more data are available for their verification, these methods have been found to produce results with very large errors (Kothyari & Garde, 1991; Raju, 1988; Jain, 1991) .
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With the availability of additional data from more catchments, all the available data from a number of small catchments have been analysed to develop a simple procedure for monthly runoff estimation. The results of this investigation are presented herein. This study has been carried out using the data from Indian catchments. While the details may vary from one country to another, the concepts used here will be useful to investigators in other countries where similar conditions exist.
DATA
The Water Conservation Division of the Ministry of Agriculture, Government of India, has published reports (Soil and Water Conservation Division, 1984, 1987) on hydrological data of selected river valley catchments. The data considered in the present study are taken from those reports. The data are from 31 catchments in the Indian states of Uttar Pradesh, Madhya Pradesh, Bihar, Rajasthan, West Bengal and Tamil Nadu. From these, the data from 20 catchments were used for the calibration of the proposed method and the data from the remaining 11 catchments were used for the verification of the proposed method. The monthly runoff was obtained by summing up the observed daily discharges for the month. The monthly rainfall for each catchment was averaged using the Theissen polygon method. The average monthly temperatures for the catchments have been published in CBRI (1969) . The area of forest cover in the catchments was measured from maps produced by NRSA (1983) and from satellite images at a scale of 1:1 000 000. Data on catchment area and land slope were directly available from the Soil and Water Conservation Division reports (1984, 1987) . The percentage catchment slope was defined as S = lOOZAjSt/A, where S t is the slope of a portion of the catchment having area A t and A is the total area. The geographical locations of the catchments are shown in Fig. 1 . The periods for which data are available varied from 10 to 17 years. The range of data used is given in data revealed that flow occurs in these streams only during the monsoon months, i.e. from June to October. The catchments considered herein can be grouped into six hydrologically homogeneous zones (see Fig. 1 ).
ANALYSIS AND DISCUSSION OF RESULTS
A simple method has been proposed for the estimation of monthly runoff. The proposed method, based on a review of the literature (Singh, 1982; Mimikou & Rao, 1983; Takashima, 1983; Linsley et al., 1949) , is of the following form:
where R(I) = monthly runoff during the 7th month; P(Z) = monthly areal rainfall during the 7th month; P(I -1) is monthly areal rainfall during the (I -l)th month; and /£(/) and n(I) are parameters for the 7th month with K(I) < 1.0 and n(I) > 1.0. The coefficient K(I) and exponent n(I) are assumed to vary with time, /, and from one catchment to another. Equation (1) can also be written as:
A study of equation (2) reveals that the runoff in any month is equal to the rainfall in that month multiplied by a coefficient given by:
which can be termed as the monthly runoff coefficient. Thus, the value of the latter coefficient varies from month to month and depends upon the ratio of the previous month's rainfall to the present month's rainfall. Obviously, if other conditions remain the same, the larger the ratio between two successive month's rainfalls, the larger the runoff during the later month.
As a first step in the analysis, the partial correlation coefficients between R(I) and P(I) and between R(I) and P(I -1) were obtained for the data from the 20 catchments used for determining the values of the parameters in equation (1) and are given in Table 2 . From Table 2 one can see that R(I) was strongly correlated with P(I) but not significantly correlated with P(I -1). ). Values of the correlation coefficients for catchments in the Chambal basin were relatively smaller and for two catchments in this basin the correlation coefficient between R(I) and P(I -1) was negative. This could be attributed to the fact that this basin lies in the arid climatic zone. The method for monthly runoff estimation being proposed herein may produce less accurate results for such catchments. The method used for the determination of the parameters K(I) and n{I) and the dependence on other factors is discussed below.
In order to determine an optimum set of values of K(I) and n(I) a two dimensional grid search was used. In this method, different sets of values were given to the parameters, and i?(i) computed using equation (1) where N is the number of observations.
The K(F) values used in the grid search were varied between 0.1 and 0.99 at intervals of 0.01, and the «(/) values were varied from 1.0 to 3.0 at intervals of 0.1. A value of n greater than 3.0 would result in negligible weight being given to the previous month's rainfall. The values of K(J) obtained for the various catchments for various months were found to vary between 0.2 and 0.59 and the values of n([) varied from 1.7 to 2.6. Thus, there is a need to study the dependence of the two parameters on other factors.
A study of the values of n(I) obtained through optimization revealed that, for a given month, those values were similar for catchments in a hydrologically homogeneous region. Therefore the average of the n(T) values during each month for all the catchments in each hydrological zone were obtained and used in further computations. Those values are given in Table 3 . Values of the coefficient K{J) were recomputed for further use by the grid search method with «(/) values taken from Table 3 . As indicated by equation (2), the value of K(I) for a given catchment indirectly represented the loss from the total rainfall. The important variables responsible for the loss (evaporation, transpiration, sunshine hours, cloud cover and wind velocity) are directly or indirectly related to the temperature, land use in the catchment, area and slope of the catchment (Kothyari & Garde, 1991; Khosla, 1949) . The average monthly temperature T of the catchment, percentage of forest area F A , catchment area A and slope S have been shown to be fairly good indices to represent the above mentioned variables (Kothyari & Garde, 1991) . To study the effects of those variables on the value of K(I), the partial correlation coefficient of the log transformation of each variable was obtained (Ezekiel, 1956) . The partial correlation coefficients obtained were: 0.47 for T, 0.19 for F A , 0.15 for A and 0.04 for S. The values of the coefficients revealed that the effect of log S on log K was negligible. The following relation was found to hold good for K:
where Tis in °C, A is in km 2 and F A is the percentage of area (see Appendix). The multiple correlation coefficient for equation (4) was 0.67 and the F-value 41.1 which indicate that equation (4) was statistically significant. For small catchments the monthly runoff coefficient, as defined by equation (2), decreased with an increase in the values of Tand F A and increased with A. The value of K(I) varied from month to month in a year but remained the same for the given month in different years. However, the monthly runoff coefficient varied from month to month because it also depended on P(I -1)/P(i) as per equation (2).
The runoff values were computed using equation (i) with values of K(I) given by equation (4) and values of n(I) obtained from Table 3 . The values were then compared with the corresponding observed values of runoff. This comparison revealed that the proposed method produces results with an error less than +25% for 90% of the data points. However, an error of less than ±50% resulted for the arid catchments from the Chambal basin.
VERIFICATION OF PROPOSED METHOD
In order to verify the proposed method for its accuracy, data from eleven catchments were used which were not utilized earlier for determining the parameters of equation (1). Using the values of n(I) from Table 3 and the values of K(F) as given by equation (4) and using available monthly rainfall data for those catchments, the monthly runoff values were computed using equation (1). This produced results with errors less than +25% for most of the data (Figs 2 and 3) . This accuracy was considered to be satisfactory, particularly given the estimation, measurement and cartographic errors that are endemic in such an analysis, and because the catchments considered in the study came from varied climatic zones. (1) and (4).
CONCLUSIONS
A simple method has been proposed for the estimation of monthly runoff during the monsoon months from small catchments in India. The proposed method relates the monthly runoff to the monthly rainfalls through the use of equation (1) which has two parameters, n(I) and K (F) . The values of the exponent n(I) were found not to vary appreciably in a hydrologically homogeneous region during any one month and the coefficient K was found to be related to T, F A and A according to equation (4). This method produced satisfactory results for catchments from different geographical locations in India. Such a method would be useful for planning purposes where runoff data are scarce. 
